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Abstract—This study evaluates myocardial SPECT images
obtained from parallel-hole (PH) and fan-beam (FB) collimator
geometries using both circular-orbit (CO) and noncircular-orbit
(NCO) acquisitions. A newly developed 4-D NURBS-based
cardiac-torso (NCAT) phantom was used to simulate the
99mTc-sestamibi uptakes in human torso with myocardial defects
in the left ventricular (LV) wall. Two phantoms were generated
to simulate patients with thick and thin body builds. Projection
data including the effects of attenuation, collimator-detector
response and scatter were generated using SIMSET Monte Carlo
simulations. A large number of photon histories were generated
such that the projection data were close to noise free. Poisson
noise fluctuations were then added to simulate the count densities
found in clinical data. Noise-free and noisy projection data were
reconstructed using the iterative OS-EM reconstruction algorithm
with attenuation compensation. The reconstructed images from
noisy projection data show that the noise levels are lower for the
FB as compared to the PH collimator due to increase in detected
counts. The NCO acquisition method provides slightly better
resolution and small improvement in defect contrast as compared
to the CO acquisition method in noise-free reconstructed images.
Despite lower projection counts the NCO shows the same noise
level as the CO in the attenuation corrected reconstruction im-
ages. The results from the channelized Hotelling observer (CHO)
study show that FB collimator is superior to PH collimator in
myocardial defect detection, but the NCO shows no statistical
significant difference from the CO for either PH or FB collimator.
In conclusion, our results indicate that data acquisition using
NCO makes a very small improvement in the resolution over CO
for myocardial SPECT imaging. This small improvement does
not make a significant difference on myocardial defect detection.
However, an FB collimator provides better defect detection than
a PH collimator with similar spatial resolution for myocardial
SPECT imaging.

Index Terms—Channelized Hotelling observer (CHO), fan
beam, ROC analysis, SPECT.
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I. INTRODUCTION

MYOCARDIAL perfusion SPECT images using Tl or
Tc-sestamibi are an important diagnostic tool in the

diagnosis of heart diseases. Over the past several years, a great
deal of effort has been made to improve the quality of my-
ocardial SPECT images by developing optimal data acquisition
methods [1], [2]. Converging-beam collimators, such as fan and
cone beam collimators, have been introduced to improve the
tradeoffs between detection efficiency and spatial resolution for
cardiac imaging. Data acquisition with a body contour orbit re-
ferred to here as noncircular orbit (NCO), which is often used
in clinic myocardial SPECT, is expected to have an advantage
over a circular orbit (CO) by improving spatial resolution. How-
ever, when converging-hole collimators are used, the NCO gives
lower detected counts but less truncation as compared to the CO.
It is important to know whether there exists an optimal combina-
tion of collimator geometry and acquisition orbit for myocardial
SPECT imaging. The optimal combination should provide op-
timal tradeoffs between spatial resolution, contrast and noise in
the reconstructed images.

Traditionally, the task-based evaluation of image quality
requires human observer studies. However, human observer
studies are difficult, time-consuming, and expensive. An
alternative using mathematical observer, such as channelized
Hotelling observer (CHO), has been proposed and applied to
the task-based assessment of image quality [3]–[5]. It has been
found that the CHO provided reasonably good predictions of
human observer performance even on relatively complex detec-
tion tasks involving correlated noise and random backgrounds.
In this study we apply the CHO to evaluate combinations of
collimator geometries and acquisition strategies for myocardial
defect detection. The index of comparisons is the area under the
receiver operating characteristics (ROC) curve. We investigate
the quality of reconstructed images obtained using different
combinations of collimator geometries and data acquisition
strategies including CO and NCO. Monte Carlo simulation
techniques are used to generate a large number of projection
data from a realistic human torso phantom. Image quality
indexes such as spatial resolution, contrast and noise were used
in the initial evaluation. Evaluation using a CHO study was
also performed. Further evaluation using human observers will
be used to determine the optimal combination of collimator
geometry and orbit for maximum myocardial defect detection.
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Fig. 1. (a) Sample transaxial image slice through the center of the heart of
NCAT phantoms with thick and thin body shapes. (b) Sample of short axis
images indicating defects on anterior and lateral walls of the LV. The defect
contrast has been enhanced for visualization.

II. METHODS

A. Phantoms

The newly developed 4-D NURBS-based cardiac torso
(NCAT) phantom [6] was used in this study to simulate patients
with different sizes and body shapes. This phantom realistically
models the anatomy, attenuation and the activity uptake distribu-
tion of Tc-sestamibi in different organs in the upper human
torso region. We simulated a typical Tc-sestamibi uptake
distribution found in patient studies. The relative activities per
unit volume in the torso organs were 37.5, 37.5, 2 and 1 for the
myocardium, liver, lung, and body, respectively. The blurring
from motion of an average beating heart was included in the
phantom.

We generated two phantoms that simulated both thin and
thick body shapes of patients, shown in Fig. 1(a), to investigate
if a NCO data acquisition method yields improved image
quality over that of a CO data acquisition. The thick phantom
models a large male patient who has a lateral width of 37 cm and
an anterior-posterior (AP) width of 27 cm. The thin phantom
modeled thinner patients who have the same lateral width as
the thick phantom, but the AP width was reduced to 19 cm.
The radius-of-rotation for the CO was set at 22.5 cm while the
NCO maintained the body contour with a 1.5” (3.8 cm) gap
between the body surface and the camera surface. The ratios of
the short axis to the long axis of the noncircular orbits for the
thick and thin phantoms were 0.75 and 0.56, respectively.

Two myocardial defects were generated for the NCAT
phantom and placed in the following locations: anterior wall
midway between base and apex, lateral wall midway between
base and anterior wall at the apex, shown in Fig. 1(b). These
defects are referred to as the anterior and lateral defects,
respectively. All the defects were approximately 60 in circum-
ferential extent and cm in the longitudinal direction. The
radioactivity uptake of the defect was set at 50% lower than the
normal myocardium in the defect contrast analysis study. In the
CHO study, a 10% defect contrast was used.

Fig. 2. The frequency channels used in the CHO study.

TABLE I
RELATIVE DETECTED COUNTS IN PROJECTION DATA USING DIFFERENT

COLLIMATOR GEOMETRIES AND ACQUISITION ORBITS

TABLE II
THE AVERAGE NORMALIZED STANDARD DEVIATION (NSD) FROM THE

MID-LATERAL REGION OF THE MYOCARDIUM

B. Projection Data Simulations

A modified version of the SIMSET Monte Carlo simulation
code [7] was used to generate projection data for both the thick
and thin NCAT phantoms using parallel-hole and fan-beam col-
limators with both CO and NCO data acquisitions. The modi-
fications included adding NCO options into the code, and im-
proving the collimator response for converging collimators, in
which the shape of the holes change over the face of the collima-
tors [8]. The projection data included the effects of photon at-
tenuation, collimator-detector response and scatter. The PH and
FB collimators were designed to have the same spatial resolu-
tion (1.1 cm FWHM) at the center-of-rotation. The collimator
hole-length was fixed at 3.5 cm while the hole-size was adjusted
around 1.5 mm to give the designed spatial resolution. For the
FB collimator the focal length was 65 cm. The field-of-view of
the detector was 50 50 cm . There was no truncation when
the parallel-hole collimator was used and the degree of trunca-
tion was small for the FB collimator. There was no truncation
of the heart for either collimator. All the projection data were
simulated into 128 128 bins and 128 angular views equally
spaced over 360 . A large number of photon histories (80 bil-
lion) were generated such that the projection data were close to
noise-free. Assuming the same total data acquisition time for
each collimator and acquisition orbit, the projection data were
scaled and Poisson noise fluctuations were added to simulate the
count densities found in clinical studies. A total count of 200 K
in a 0.312 cm image slice through the center of the heart was
used to scale the simulated projection data for the PH collimator.
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Fig. 3. Profiles through both walls of the LV of a reconstructed transaxial image from the noise-free data. The profile locations were shown in the top row for (a)
thick and (b) thin phantoms. The profiles show very small difference in the contrast of the left ventricle wall with respect to the background between CO and NCO
for the PH and FB collimator geometries. The profiles show a slightly improvement in spatial resolution for the NCO as compared to the CO for the thin phantom.
The images were normalized to the same average count density before taking the profiles.

Then we applied the same scaling factor obtained from the PH
collimator to the simulated projection data for the FB collimator
since the difference in detection efficiency between the PH and
the FB collimators was included in the simulations. All the ex-
tensive computing tasks were done on a Linux cluster in the
Medical Imaging Research Laboratory, Department of Biomed-
ical Engineering, University of North Carolina at Chapel Hill
(UNC-CH). This cluster consists of 18 dual-CPU Pentium III
computers.

C. Image Reconstruction and Processing

The noise-free and noisy projection data were reconstructed
using the iterative ordered subsets-expectation maximization
(OS-EM) reconstruction algorithm with attenuation compensa-
tion using 5 iterations and eight angles per subset (16 subsets
per iteration). No collimator-detector response and scatter cor-
rections were applied. The attenuation map was blurred using a
Gaussian filter with a FWHM of 1.1 cm. All the reconstructed
transaxial images were converted to short-axis images for the
spatial resolution and CHO analysis.

D. Spatial Resolution and Noise Analysis

In the evaluation study, the effects of the collimator geometry
and acquisition strategy on spatial resolution and noise of the re-
constructed images were investigated first. The effect of the spa-
tial resolution is related to the defect contrast in the noise-free
reconstructed images. The circumferential profiles through the
centroid of the lesion were also extracted for comparisons be-
tween CO and NCO in the PH and FB collimators for both thick
and thin phantoms.

In the analysis of noise, we selected a single transaxial slice
through the center of the heart. The noise level was measured
using the average normalized standard deviation (NSD) of the
pixels in a specified region-of-interest (ROI) within the LV wall.
The pixel-by-pixel NSD is defined as the ratio of the estimated
standard deviation (s.d.) and mean, i.e.,
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Fig. 4. Comparisons of the circumferential profiles through a short-axis image slice with a myocardial defect in the mid-anterior region for (a) thick and (b) thin
phantom. The images were reconstructed from the noise-free projection data and the contrast was 50% with respect to the normal myocardium. The circumferential
profiles show larger intensity differences in both lateral and inferior walls between CO and NCO for the thin phantom as compared to the thick phantom.

where is the value at pixel i for noise realization n, is the
ensemble mean value of pixel i and N is the number of noise
realizations. The averaged NSD was obtained from the average
of all over all pixels in the lateral wall ROI. For this study,
we used 96 noise realizations for each collimator geometry and
acquisition orbit.

E. Channelized Hotelling Observer Analysis

For the CHO study, only the thin phantom was used because it
provides a bigger difference between the CO and NCO. A single
slice of the noisy short-axis images was extracted and then fil-
tered with a 2-D Butterworth filter of order 8 and cutoff fre-
quency of 0.16 cycles/pixel. The single short-axis slice extracted
was that containing the defect centroid in the defect-present im-
ages. The same slice was extracted on the corresponding defect-
absent images. The reconstruction and filter parameter values
were chosen based on a previous CHO study with similar im-
ages [9].

In the CHO analysis, we used a set of six 2-D, rotationally
symmetric frequency channels, with octave-based radial fre-
quency centers and widths and with a square radial profile as
shown in Fig. 2. The set of 2-D channels was applied to each
of the 2-D noisy short-axis images to produce a collection of
six-element feature vectors. The CHOs were then trained and
tested using subsets of these feature vectors. We trained the
CHO using ensembles of defect-present and defect-absent im-
ages. Once the CHO was trained, it was tested by applying it to a
different, independent ensemble of feature vectors to produce an

ensemble of scaled rating values. These rating values obtained
from the testing phase were subsequently analyzed using the
ROC methods.

A total of 8 ROC curves were estimated for two lesion loca-
tions in the anterior and lateral walls and four acquisition tech-
niques: PH-CO, PH-NCO, FAN-CO and FAN-NCO. For each
curve, 48 defect-present and 48 defect-absent short-axis images
were used to train the CHO and an additional 48 defect-present
and 48 defect-absent short-axis images were used to obtain the
rating data. These rating data were then used to estimate ROC
curves using the CLABROC code [10]. The area under the ROC
curve ( value) and the standard deviation were also obtained
from the code. The value was used as the index of com-
parison. Four combinations of collimator geometries and orbits
were compared for each lesion location. These multiple com-
parisons were tested for statistical significance by adjusting the
confidence level to minimize a failure due to random error. For
this study, a difference in values was deemed statistically
significant if the p-value was less than 0.05.

III. RESULTS

A. Spatial Resolution and Noise Analysis Results

From the projection data, we integrated the detected counts
over all the 128 views over 360 in a single slice through the
center of the heart. The FB collimator with 65 cm focal length
provided % increase in detected counts as compared to the
PH collimator with similar spatial resolution. Table I shows
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Fig. 5. ROC curves from the CHO study for four combinations of collimator
geometries and orbits in detecting the anterior and lateral defects. These curves
show that the FB collimator is superior to the PH collimator for a defect
detection task.

the relative detected counts in the projection data using dif-
ferent collimator geometries and acquisition orbits for the thin
phantom. As expected, the CO offers higher projection counts
over the NCO with the FB collimator.

Assuming the same total data acquisition time for each type of
collimator, a single transaxial slice through the center of the my-
ocardium was reconstructed with attenuation correction from
noisy projection data for both thick and thin phantoms. The rel-
ative noise level was determined from the single transaxial slice
with 96 realizations. The NSD values obtained from a 32-pixel
ROI on the mid-lateral region are shown in Table II. The results
show that the NSD values are lower for the FB collimator as
compared to the PH collimator, indicating that the noise level is
reduced from the PH collimator to the FB collimator as a result
of increase in detected counts. Despite the lower detected count
density the NCO orbit provides the same noise level as the CO
orbit in the attenuation corrected images.

Using the noise-free projection data, we investigated the re-
constructed transaxial images in terms of contrast and spatial
resolution of the LV walls. Normalized profiles through both
of the lateral walls of the LV, are shown in Fig. 3. The profiles
show very small differences in the intensity and spatial resolu-
tion between CO and NCO for both the PH and FB collimator
geometries. The profiles also show a slight improvement in spa-
tial resolution of the LV walls for the NCO as compared to the
CO in the thinner phantom.

The myocardial defect contrast was also compared by taking
circumferential profiles through the lesion in a short-axis slice
obtained with CO and NCO for two different body-shapes using
the PH and FB collimators. The circumferential profiles shown

TABLE III
LISTS OF ESTIMATED A VALUES FOR FOUR ACQUISITION TECHNIQUES WITH

DIFFERENT DEFECT LOCATIONS

TABLE IV
PAIR-WISE COMPARISON OF A VALUES: P-VALUES

in Fig. 4 passed through the anterior defect. The contrast of
the defect in the anterior wall shows a small improvement with
the NCO acquisition method as compared to the CO acquisi-
tion method. The effects are more pronounced in the thinner
phantom where the NCO has larger eccentricity.

B. CHO Study Results

Fig. 5 shows the ROC curves obtained from the CHO study
for four combinations of collimator geometries and orbits in de-
tecting anterior and lateral defects. The estimated values and
standard deviations from these ROC curves are summarized in
Table III. The results show that the FB collimator gives a larger

value than the PH collimator, which indicates that the FB
collimator is superior to the PH collimator for myocardial de-
fect detection. In order to study the difference, the statistical
pair-wise comparisons of the were estimated and listed in
Table IV. The results show that the differences in values be-
tween FB and PH are statistically significant at level
for both the NCO and CO. However, the NCO shows no statis-
tical significant difference from the CO for either the PH or FB
collimator.

IV. DISCUSSION

For myocardial SPECT imaging, the data acquisition strategy
using a NCO is believed to have an advantage over a CO acqui-
sition by improving spatial resolution. Our results showed very
small difference in resolution between the NCO and CO for the
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thick and thin phantoms tested in our study. The lesion contrast
from the noise-free reconstructed images shows small improve-
ment with the NCO acquisition as compared to the CO acqui-
sition. The effect was more pronounced in the thin phantom as
compared to the thick phantom. The CHO analysis also showed
no statistically significant difference between NCO and CO for
either PH or FB collimator. This result is in agreement with that
of a recent clinical study [11].

We also studied the difference in resolution in filtered back-
projection reconstructed images obtained using the NCO and
CO acquisition methods. The noise-free images from the thin
phantom with the PH collimator were used. Again, we found no
significant improvement in resolution between NCO and CO ac-
quisition methods.

On the other hand, the improvement of sensitivity by using
converging collimator geometry seems to have more effect on
defect detection in myocardial SPECT imaging. Our results
from the CHO study showed that the defect detectability,
which is indexed by an value, was significantly improved
for a FB collimator with 65 cm focal length as compared to
a PH collimator with a similar spatial resolution and equal
total acquisition time. The improvements were from 0.95
to 0.99 for an anterior lesion and from to for the
lateral lesion, respectively. We simulated the projection data at
a clinical count level to generate the noisy images for the CHO
study. This resulted in fairly high values. The values for
the FB collimator were very close to 1. The statistical analysis,
shown in Table IV, indicated the statistical significance of the
comparisons.

V. CONCLUSION

We have evaluated the detection of myocardial defects in my-
ocardial SPECT images obtained from PH and FB collimator
geometries using both CO and NCO acquisition strategies. Re-
sults from the spatial resolution and noise analysis indicate that
data acquisition using an NCO provides little improvement in
resolution and defect contrast over CO acquisition for myocar-

dial SPECT imaging. But this small improvement does not make
any significant difference in defect detection from the CHO
study. However, the data acquisition geometry using an FB col-
limator makes a significant improvement in terms of the defect
detection as compared to PH collimator with similar spatial res-
olution and equal total acquisition time.
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